The thermal conductance of individual single crystalline silicon nanowires with diameters less than 30 nm has been measured from 20 to 100 K. The observed thermal conductance shows unusual linear temperature dependence at low temperatures, as opposed to the T 3 dependence predicted by the conventional phonon transport model. In contrast to previous models, the present study suggests that phonon-boundary scattering is highly frequency dependent, and ranges from nearly ballistic to completely diffusive, which can explain the unexpected linear temperature dependence. DOI: 10.1103/PhysRevLett.101.105501 PACS numbers: 63.22.Gh, 65.80.+n, 66.70.Lm One-dimensional semiconductor nanowires (NWs) have drawn significant attention in the past decade. These wires exhibit a strong size dependence of their electronic and optical properties [1, 2] , which leads to potential applications in nanoelectronics, photonics, and energy conversion [3] [4] [5] [6] . In particular, there has been a growing interest in thermal properties of one-dimensional (1D) nanostructures including carbon nanotubes (NTs) [7] and NWs [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . A detailed understanding of the thermal transport is crucial for potential applications such as thermoelectric power generation or cooling [5] and thermal management of electronics [18] .
One-dimensional semiconductor nanowires (NWs) have drawn significant attention in the past decade. These wires exhibit a strong size dependence of their electronic and optical properties [1, 2] , which leads to potential applications in nanoelectronics, photonics, and energy conversion [3] [4] [5] [6] . In particular, there has been a growing interest in thermal properties of one-dimensional (1D) nanostructures including carbon nanotubes (NTs) [7] and NWs [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . A detailed understanding of the thermal transport is crucial for potential applications such as thermoelectric power generation or cooling [5] and thermal management of electronics [18] .
Although there have been a few reports on the thermal conductivity (k) measurement of individual semiconductor nanowires [8] [9] [10] [11] [12] , nanowires investigated in these studies were relatively thick, such that they are still much larger than the dominant phonon wavelength max [19] . As a result, the mean free path due to phonon-boundary scattering can normally be assumed to be the same for all the phonon modes. Theories based on the assumption that the mean free path is proportional to the nanowire diameter and independent of the phonon frequency were able to explain the observed experimental results of NWs with large diameters [13] [14] [15] [16] . However, to the best of our knowledge, there has been no systematic experimental study on thermal transport properties of thin SiNWs with diameters comparable to max at low temperature. The only available data on the 22 nm SiNW by Li et al. [8] yielded k significantly lower than the theoretical prediction and showed unusual linear temperature dependence from 20 K to room temperature, as opposed to the T 3 dependence expected from the well-known Debye model at low temperature. Attempts were made [20, 21] to explain the unusual linear behavior of kðTÞ as well as the unusually low k observed in Ref. [8] , but the modeling results did not quantitatively agree with the experimental data. It is, therefore, important to systematically examine the phonon transport in thin SiNWs both experimentally and theoretically, in order to understand the underlying physics. Here we report a systematic study on thermal conductance GðTÞ of thin SiNWs, which showed unusual linear temperature dependence. A theoretical model was developed to explain the observed GðTÞ and suggests that phonon-boundary scattering is frequency dependent.
Thin SiNWs characterized in this study were synthesized by two methods, both based on metal-catalyzed chemical vapor deposition (CVD) growth [22] . In the first method, thin SiNWs were obtained by a diameter reduction approach, which is shown schematically in Fig. 1(a) . SiNWs were first synthesized by vapor-liquid-solid (VLS) growth on Si substrates in a quartz-tube furnace, as described previously [23] . Using 50 nm Au nanoparticles as catalysts yielded arrays of epitaxially grown, single crystalline SiNWs with controlled diameters of roughly 90 nm [ Fig. 1(b) ]. Nanowire arrays were briefly dipped in 10:1 buffered hydrofluoric acid (BHF) and then an aqueous iodine and potassium iodide solution for at least 20 min to dissolve the Au catalyst particles. The array substrates were then rinsed in water and cleaned in an O 2 plasma at 300 W for 2 min. The NWs were oxidized at 850 C in O 2 at atmospheric pressure for several hours to yield single crystalline SiNW cores of roughly 20 nm in diameter surrounded by a silica shell [ Fig. 1(c) ]. The single crystalline NW cores were released from the oxide shells by vapor HF etching above a bath of 50% HF [ Fig. 1(d) ]. Silicon nanowires synthesized by this method tend to be tapered, as the diameter gradually increases from below 20 nm at the tip to 30-40 nm at the base. In the second method, SiNWs below 20 nm in diameter were synthesized directly from 9 nm Pt nanoparticle catalysts by a similar CVD growth method [24] . The as-grown Pt-catalyzed
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SiNWs were relatively uniform with diameters of 17:9 AE 3:1 nm, as determined by TEM analysis [24] . In order to study the diameter dependence of the thermal conductance, four diameter-reduced samples (#1 to #4) and two as-grown Pt-catalyzed samples (#5 and #6) of thin SiNWs were characterized in the present study (Table I) . The length and diameter of each NW sample were determined by scanning electron microscopy (SEM) after the wires were placed on the measurement devices. For the diameter-reduced SiNWs, the diameter range given in Table I represents the diameters from the tip to the base of each tapered wire. For the as-grown Pt-catalyzed SiNWs, the range of diameters was approximately 15-20 nm. Because the resolution limit of the SEM could lead to significant error in k determination, only the thermal conductance is reported, and the diameters are meant mainly as guides for indexing different wire samples.
We followed the measurement procedure summarized in Refs. [8, 25] . Briefly, the thermal conductance (G) of individual NWs was characterized by micro-fabricated devices consisting of two suspended silicon nitride pads with integrated Pt line resistors serving as both heaters and resistive thermometers. After the thin NWs were dispersed onto the microdevices, SEM was used to find devices with individual thin NWs bridging the two pads [see Figs. 1(e) and 1(f)]. In order to improve the thermal contact between the wires and the suspended pads, nanowires were further bonded to the two pads by deposition of either an amorphous carbon film within a SEM or a Pt-C composite with the electron beam of a FEI Strata 235 Dual Beam FIB system. The thermal conductance of NWs was then measured from 20 K to room temperature (up to 400 K for sample 1). Figure 2 (a) shows GðTÞ for diameter-reduced SiNWs (#1 to #4) and as-grown Pt-catalyzed SiNWs (#5 and #6). For all the thin SiNW samples studied here, the thermal conductance GðTÞ is generally lower for thinner wires, indicating strong phonon-boundary scattering throughout the temperature range, which was also observed previously in thick semiconductor nanowires [8] [9] [10] [11] . However, the observed GðTÞ initially increases with increasing temperature from 20 K to around 200 K, and then becomes flat or decreases at higher temperature for samples #1 and #2, indicating the onset of umklapp scattering, which was absent for the 22 nm SiNW in Ref. [8] , where kðTÞ increased linearly up to room temperature.
More interestingly, as shown in Fig. 2 (b) in a log-log scale at low temperature (20 to 100 K), the observed GðTÞ scales approximately linearly with temperature for all thin SiNW samples. This observation is consistent with what has been reported for the 22 nm SiNW in Ref. [8] , but within a smaller temperature range. The observed linear GðTÞ is not a result of ballistic and quantized phonon transport in 1D channels [26] , since the temperature range studied here (!20 K) is much higher than the 1D crossover temperature for a 20 nm SiNW, which is around 8 K according to Ref. [26] . For bulk silicon, conventional phonon scattering theory predicts a T 3 dependence for low T thermal conductance, where the phonon mean free path is assumed to be a constant in the boundary scattering dominant regime [27] .
To understand the observed phonon transport behavior in thin SiNW, we have developed a theoretical model that is based on the Landauer expression of the thermal conductance of a cylinder with boundary scattering in terms of the transmission probabilities of different modes of the cylinder. At the lowest frequencies, these phonons become 
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105501-2 collective motions of the whole cylinder. As noted in the TEM images, there are two types of disorder with different length scales on the Si nanowire surface-the first is a native amorphous oxide film which is characterized by the thickness, and the second is surface roughness, which can be characterized by a root-mean-square (rms) height. Let h be the length scale associated with this disordered region, which is the larger of the two above length scales (thickness and rms height). TEM images suggest the oxide layer is perhaps thicker than the rms height, and we denote this as h ¼ 2 nm. To understand scattering from the boundary, we adopt a scalar wave model with ! ¼ ck, where c is the bulk sound velocity and k is the phonon wave vector. The
can be interpreted as the component of k that is perpendicular to the nanowire axis z, i.e., k ? ¼ k cos (see Fig. 3 ). One can argue that for hk ? 1, the phonon should scatter specularly from the boundary [28] . When the wave is incident on the disordered boundary, the maximum path length difference in the specularly reflected component will be 2h cos. If this path length difference is much shorter than the wavelength, then the specularly reflected component is not destroyed by interference effects.
However, modes for which hk ? 1 are not fully ballistic. As discussed in Ref. [29] , the mode with k ? ¼ 0 is scattered with the frequency dependent inverse mean free path
where d is the diameter of the wire, ! is the frequency of the mode, ! D is the Debye frequency, and Nð!Þ is the number of modes with frequency !. B is a dimensionless constant that depends on the details of the disorder. We therefore divide the modes at a given frequency into two groups: those with hk ? 1, to which we assign the mean free path given by Eq. (1), and those with hk ? > 1 where diffusive transport is applicable, to which we assign a mean free path of d. We model the number of modes at a given frequency by
Here a is the lattice spacing, and the initial ''4'' gives the four modes (one longitudinal, one torsional and two flexural) that propagate as ! ! 0; A is a dimensionless constant. The total number of modes can be split into the number of modes with mean free path l, N 1 ð!Þ, and the number with a mean free path of d, N 2 ð!Þ. N 1 ð!Þ is given by Nð minð!; c=hÞÞ. At low frequencies all modes have hk ? 1, whereas any modes that begin to propagate at ! > c=h are assumed to have hk ? > 1.
The thermal conductance is then given by the Landauer formula [29] G ¼ 1 2@
where L is the length of the nanowire.
To fit the data we fix values for the dimensionless constants A and B; the same values are then used to model all the nanowires. For A, we choose 2.7, for B, 1.2, which are, as expected, of order unity [29] . The fit is shown in Fig. 2  (a) and its inset. The curves obtained from the model are in excellent agreement with the experimental results of all the six thin SiNW samples at low temperature. At high temperatures, the theoretical curves consistently overestimate the thermal conductance [ Fig. 2(a) ]. This is presumably due to the umklapp scattering that has not been included in the theoretical model. Also, one expects deviations from the ! 2 density of states at higher frequencies.
At low temperature, the unusual linear behavior of the GðTÞ is a result of the competition between the two phonon transmission regimes: the specularly scattered modes (i.e., hk ? 1) give a mean free path that scales like ! À4 ; the other modes have mean free path of d. The distinction between the two phonon transmission regimes discussed here were absent in previous models on nanowires [13] [14] [15] [16] . For thick nanowires, it is still appropriate to ignore the specularly scattered modes since the other modes contribute most to the thermal conductance [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, for sufficiently thin nanowires, the contribution from the specularly scattered modes is significant and ignoring them would result in a significant mismatch with the experimental data, such as the model in Ref. [16] for the 22 nm SiNW in Ref. [8] . The present model, therefore, is especially appropriate for thin nanowires.
In summary, we have measured the thermal conductance GðTÞ of silicon nanowires with diameters below 30 nm. The observed GðTÞ scales linearly with temperature in the range of 20 to 100 K, as opposed to the T 3 dependence predicted by conventional phonon transport models., A theoretical model for this data suggests that the phononboundary scattering in thin SiNWs is frequency dependent, and ranges from nearly ballistic to completely diffusive for different modes. The competition between different phonon modes results in the observed linear behavior of GðTÞ at low temperature. The new understanding obtained from the present study on phonon transport in NWs may have practical applications, such as in NW thermoelectrics and electronics thermal management.
